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A B S T R A C T
Phenolic compounds contribute to the bioactive properties of olive oil. However, olive oils can only support a
health claim concerning the protection against oxidative stress depending on the polyphenolic concentration,
requiring effective measures during extraction to preserve/enhance their concentrations. The effect of the ma-
laxation temperature (22, 28 and 34 °C) on the phenolic profile was studied for industrially extracted cv.
Cobrançosa oils. Higher malaxation temperatures decreased the contents of the majority of the chromato-
graphically detected compounds (P < 0.05, one-way ANOVA), enabling oils’ differentiation. This decreasing
trend was observed for hydroxytyrosol and tyrosol bound forms, determinant for the health claim, which were
also negatively affected by temperature, despite revealing that all the industrially extracted oils tested supported
the health claim. The observed constant free to bound forms ratio showed that the temperature range tested had
a minor effect on bound-forms hydrolysis, being both free and bound forms equally affected by temperature.
1. Introduction
Consumers’ awareness of the role of diet in health is sharply in-
creasing (Olmo-García et al., 2019). Virgin olive oil (VOO) is the main
external lipid ingredient of the Mediterranean diet, recognized world-
wide as healthy and equilibrated. The positive health benefits asso-
ciated with VOO consumption are mainly related to its richness in
bioactive compounds like the olive phenolic compounds. Several phe-
nolic compounds have been chromatographically identified in olive
oils, including phenolic alcohols (e.g., hydroxytyrosol and tyrosol),
secoiridoid derivatives (e.g., oleacein, oleocanthal, 4-(acetoxyethyl)-
1,2-dihydroxybenzene, oleuropein aglycone and its methylated form),
phenolic acids and derivatives (e.g., vanillic acid and vanillin), lignans
(e.g., pinoresinol and acetoxypinoresinol) and flavonoids (e.g., luteolin
and apigenin) (Romani et al., 2019). NIR and mid-IR spectroscopy have
also been used to assess the phenolic composition of olive oils (Mora-
Ruiz et al., 2017). Over the past decade, compelling studies have been
published reporting the benefic effects of VOO phenolic compounds on
human cardiovascular health (Servili et al., 2014). This association is
recognized by a health claim that refers that “olive oil polyphenols con-
tribute to the protection of blood lipids from oxidative stress” for VOO that
contained a minimum of 5 mg of hydroxytyrosol and derivatives (e.g.,
oleuropein complex and tyrosol) per 20 g of olive oil (European
Commission Regulation EU No 432/2012, 2012). Nevertheless, analy-
tical concerns regarding the methodology that should support the claim
have been raised (Mastralexi, Nenadis & Tsimidou, 2014; Tsimidou,
Nenadis, Servili, García-González & Toschi, 2018). Since no specific
analytical procedure was proposed for determining the target com-
pounds that comprise a complex family of derivatives, and no adequate
commercial standards are available, different results might be obtained
from different analytical methodologies. The one adopted by the In-
ternational Olive Council (IOC) for the determination of VOO biophe-
nols (International Olive Council, 2017), gives a global quantification in
terms of tyrosol equivalents and cannot support the new analytical need
as it is (Tsimidou et al., 2019). Due to this fact, recently, Tsimidou et al.
(2018) highlighted the need of consistent methods for the inclusion of
all forms of hydroxytyrosol and tyrosol found in the oil to support the
health claim requirement. Some authors (Mastralexi et al., 2014;
Romero & Brenes, 2012) have proposed to carry out a simple approach
by measuring the amount of hydroxytyrosol and tyrosol released after
hydrolysis of all bound forms as a way to simultaneously measure all
the secoiridoid derivatives. However, taking into account the
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differences of the molecular weights between secoiridoids and their
corresponding phenyl alcohols (i.e., between complex and simple
phenols), correction factors were proposed for hydroxytyrosol (2.2) and
tyrosol (2.5) (Mastralexi et al., 2014). As elucidated by Tsimidou et al.
(2019), these correction factors were calculated as the ratio between
the mean molecular mass (343 amu) of the most known bound forms of
hydroxytyrosol and tyrosol (e.g., tyrosol glucoside, aldehydic form of
ligstroside aglycone, dialdehyde form of ligstroside aglycone, aldehyde
form of oleuropein aglycone, oleuropein aglycone, (carbox-
ymethylated) dialdehyde form of oleuropein aglycone, (decarbox-
ymethylated) dialdehyde form of oleuropein aglycone, (decarbox-
ymethylated) aldehyde form of oleuropein aglycone) and the molecular
mass of hydroxytyrosol (154 amu) and tyrosol (138 amu). Comparative
studies showed satisfactory correlations between the amounts of hy-
droxytyrosol and tyrosol after hydrolysis and those determined by the
IOC chromatographic method (Purcaro, Codony, Pizzale, Mariani, &
Conte, 2014) or the Folin-Ciocalteu colorimetric assay (Reboredo-
Rodríguez, Valli, Bendini, Di Lecce, Simal-Gándara & Toschi, 2016).
Olive oils’ phenolic compounds play also key roles at the sensory
level and on the oils’ shelf-life. Different studies have been developed to
optimize the extraction/production conditions (e.g., malaxation/ex-
traction time-temperature conditions or controlling/removing oxygen
supply during malaxation) aiming increasing the extraction yield of
phenolics from the olive fruits (Angerosa, Mostallino, Basti, & Vito,
2001; Gómez-Rico, Inarejos-García, Salvador, & Fregapane, 2009;
Guerrini et al., 2019; Lukić et al., 2017; Miho, Moral, López-González,
Díez, & Priego-Capote, 2020; Taticchi, Esposto, Veneziani, Urbani,
Selvaggini & Servili, 2013; Trapani et al., 2017). Besides the effects at
the phenolic level, different malaxation temperatures/times also influ-
enced the aroma quality of olive oils by changing the volatile fraction in
terms of odorant series (Reboredo-Rodríguez, González-Barreiro,
Cancho-Grande & Simal-Gándara, 2014). Thus, this strategy would
allow improving the overall chemical-sensory quality and ensuring that
the legal requirements concerning the health claim are fulfilled
(Guerrini et al., 2019; Lukić et al., 2017; Trapani et al., 2017). Never-
theless, the effect of olive oil extraction conditions on the phenolic
profiles and contents is known to depend on the olive cultivar, the
extraction plant scale (pilot versus industrial olive mills) and especially
on the specific malaxation conditions (Clodoveo, 2012).
In summary, a limited number of studies evaluated the effect of the
malaxation temperature (MT) on the phenolic composition of oils in-
dustrially extracted and no study assessed the possible effect of the MT
on the fulfilment of the polyphenolic-related health claim. Regarding
cv. Cobrançosa oils, one of the most widely cultivated cultivars in
Portugal, no study has been performed at industrial scale neither to
evaluate the MT effect on the extracted oils’ phenolics or in the health
claim fulfillment. In this context, it was intended to investigate the MT
effect on the phenolic profile of cv. Cobrançosa olive oils industrially
extracted and to assess the contribution to the fulfilment of the
European Food Safety Authority health claim (European Food Safety
Authority, 2011). Finally, the possible effect of the MT on the oil ex-
traction yield was not considered, since it has been reported that MT
between 20 and 40 °C do not significantly influence the extraction yield
either at pilot or industrial scale (Guerrini et al., 2019; Ranalli,
Contento, Schiavone, & Simone, 2001; Veneziani et al., 2017).
2. Materials and methods
2.1. Olive oil samples
Olives from the cv. Cobrançosa were harvested in mid-November
2018 from an orchard located in Trás-os-Montes region (northeast
Portugal). Fruits were harvested with a maturity stage (MI) between
two and three, which corresponds to the fruit epidermis with red spots
in less than half of the olive (MI 2) and the fruit epidermis red or purple
in more than half of the olive (MI 3). Thus all fruits had a similar MI,
allowing minimizing the influence of the MI on the olive oil composi-
tion. Oils were extracted in an industrial olive oil mill (OLIMONTES,
Macedo de Cavaleiros, Portugal), at different MT (22, 28 and 34 °C)
during 60 min at 12 revolutions per minute (RPM), being used around
650 kg of olives for each extraction batch. These temperatures were
chosen taking into account the MT range (from 20 up to 45 °C) usually
reported in the literature and aiming to include oils obtained at tem-
peratures below 27 °C (cold extraction) and at higher temperatures
(Boselli, Di Lecce, Strabbioli, Pieralisi & Frega, 2009; Guerrini et al.,
2019; Ranalli et al., 2001; Veneziani et al., 2017). A modern two-phase
unit mill was used (Alfa Laval, Italy). The line includes a hammer
crusher, with a capacity of 5000 kg of olives per hour, and a sieve with
11 mm of diameter coupled with two malaxers (Type Gramula 700),
each one with 4 bodies with a capacity of 650 kg of paste, a two-phase
horizontal decanter centrifuge, with a capacity of 5000 kg of paste per
hour, and a vertical centrifuge to wash and clean the olive oil (UVPX
507 AGT14). For each MT, an independent oil industrial extraction was
performed being then collected six oil bottles throughout time (bottles
were filled within a 10 min time-period before the oil entered the sto-
rage tank, ensuring some composition variability) and then closed at
the end of the processing line. In the laboratory, olive oil samples were
filtered through cellulose, to remove any suspended material. Olive oils
were stored in amber glass bottles (~500 mL) protected from light
exposure. In total 18 olive oil bottles were obtained (collected in-line at
the centrifuge output from 3 independent oil industrial extractions),
corresponding to 6 oil subsamples for each of the 3 MT tested. Oils were
analyzed within 5 months after extraction. All oils were classified as
extra-virgin olive oils (free acidity lower than 0.8% of oleic acid, per-
oxide value lower than 20 mEq O2/kg, extinction coefficients at 232
and 268 nm lower than 2.50 and 0.22, respectively; fruity intensity
greater than 0 and intensity of defects equal to 0) according to the
European Union Commission Delegated Regulation (data not shown).
2.1.1. Phenolic compounds analytical extraction and analysis by HPLC-
DAD
Phenolic compounds were analytically extracted according to the
protocol of the IOC (International Olive Council, 2017), with minor
modifications as previously described by Rodrigues et al. (2019).
Briefly, to 0.4 g of olive oil, 25 μL of a methanol/water (80/20 v/v)
solution containing syringic acid (0.15 mg/mL; Sigma-Aldrich), used as
an internal standard, were added, being then vortexed for 30 s. Then
2.5 mL of the same methanol/water solution were added, and the so-
lution vortexed for 30 s, followed by the addition of 2.5 mL of hexane,
aiming a better elimination of fat, being again agitated for 5 min in a
horizontal mechanical shaker (Edmund Bühler GmbH). Afterwards, the
mixture was centrifuged at 5000 RPM for 5 min. The lower phase
(hydrophilic) was transferred and filtered through a 0.22 μm poly-
vinylidine fluoride (PVDF) microfilter. The solution was then taken to
dryness under a gentle nitrogen stream (40 °C) and immediately re-
constituted with 100 μL of methanol being ready for injection in the
high-performance liquid chromatograph system (HPLC) coupled to a
diode array detector (DAD). All oil samples (3 independent extractions
(one for each MT) × 6 oil bottles per MT) were analytically extracted in
duplicate (× 2 analytical extractions per oil sample) and each extract
was then injected twice (72 chromatographic assays).
The oils’ phenolic profile was evaluated using a HPLC-DAD system
from Jasco (Japan) with a data transmitter (LC–NetII/ADC), two in-
tegrated pumps (PU–4180), an auto-sampler (AS–4050), a column oven
(ECOM Eco2000, Czech Republic), and the DAD (MD–4010). The se-
paration was accomplished on a C18 reversed-phase column (Kinetex
C18; particle size: 2.6 μm; pore size: 100 Å; LC length: 100 mm; internal
diameter: 3.00 mm, Phenomenex), at 35 °C, using an eluent gradient
composed of water and acetonitrile, both with 0.1% of formic acid, at a
flow rate of 0.8 mL/min. Peak identification was performed by com-
paring the retention times (RT) and UV/Vis spectra (200–600 nm) with
those of pure standards (apigenin, apigenin 7–glucoside,
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hydroxytyrosol, luteolin and verbascoside, from ExtraSynthese; caffeic
acid, cinnamic acid, ferulic acid, oleocanthal, oleuropein, p-coumaric
acid, pinoresinol and vanillic acid, from Sigma-Aldrich; tyrosol (2–4-
hydroxyphenyl ethanol), from Fluka; oleacein, from Toronto Research
Chemicals). Phenolic compounds identification followed the IOC
method (International Olive Council, 2017) considering responses at
different wavelengths as suggested by Torre-Carbot et al. (2005). Al-
though commercial standards are available for some individual phe-
nolic compounds, results were expressed as mg of tyrosol equivalents
per kg of olive oil for each individual compound and the total phenols
content, corresponding to the sum of the contents of all individual
compounds quantified, using data obtained at 280 nm following the
IOC guidelines (International Olive Council, 2017).
2.1.2. Total content of hydroxytyrosol and tyrosol derivatives: Acid
hydrolysis of secoiridoids
Phenolic compounds from olive oils were also analytically extracted
and analyzed according to the method proposed by Romero and Brenes
(2012) with some modifications. From each oil sample, 0.1 g were
weighed being added 0.006 mg of internal standard (40 μL of a me-
thanol/water (80:20, v/v) solution containing syringic acid (Sigma-
Aldrich) at a concentration of 0.15 mg/mL). Then, 2.5 mL of a hydro-
chloric acid methanol/water solution (80:20, v/v; 2 M) were added and
agitated in a vortex during 30 s. The solution was kept at 25 °C for 6 h
and, each 30 min, the solution was agitated for 30 s in a vortex. After
6 h of hydrolysis, 2.5 mL of an acetonitrile/water solution (50:50 v/v)
were added and transferred to Eppendorfs (2 mL) and centrifuged for
10 min at 13,000 RPM. After, 2 mL of the solution were removed, and
2 mL of n-hexane were added. The mixture was stirred for 30 s (vortex)
and centrifuged for 3 min at 3500 RPM. Finally, the extract was filtered
using a PVDF disposable filter (0.22 μm) and chromatographically
analyzed according to the same HPLC-DAD method and C18 column
(previously described in section 2.2.1), at 280 nm during 20 min. All
samples were analytically extracted and injected in duplicate totalizing
72 chromatographic results (for the 3 independent industrial extrac-
tions, i.e., for the 3 MT: 3 MT × 6 olive oil samples × 2 analytical
extractions × 2 injections). The total hydroxytyrosol or tyrosol con-
tents after hydrolysis were expressed as the individual sum in mg of
hydroxytyrosol or tyrosol equivalents, respectively, per kg of oil. Hy-
droxytyrosol and tyrosol calibration curves (R2 = 0.9992 and 0.9990,
respectively) were prepared in methanol/water (80:20, v/v) in a con-
centration range from 0.0005 to 0.02 mg/mL. Because after hydrolysis
only the tyrosol and hydroxytyrosol moieties are quantified, loosing
information on the molecular weight of the original molecules, the
original bound forms were estimated using the correction factors pro-
posed in the literature for hydroxytyrosol (2.2) and tyrosol (2.5)
(Mastralexi et al., 2014; Tsimidou et al., 2019).
2.2. Statistical analysis
Data were expressed as mean ± standard deviation values. The
statistical significance of the MT effect on the cv. Cobrançosa oils’
Table 1
Concentrations (mean ± standard deviation, mg of tyrosol equivalent/kg of olive oil) of phenolic compounds detected in cv. Cobrançosa olive oils industrially
extracted at different malaxation temperatures (22, 28 and 34 °C) and quantified according to the IOC method (HPLC-DAD).
Phenolic compounds Mean contents (mg/kg) at different malaxation temperatures P-value1 R-Pearson2
22 °C 28 °C 34 °C
Phenolic alcohols
Hydroxytyrosol 1.9 ± 0.3 1.7 ± 0.1 1.8 ± 0.4 0.3725 –
Tyrosol 2.5 ± 0.3A 2.8 ± 0.2B 2.6 ± 0.2A 0.0370 –
Dihydroxybenzoic derivative
Vanillic acid 0.8 ± 0.1A 0.9 ± 0.1B 0.8 ± 0.1A <0.0001 –
Phenolic acids
p-Coumaric acid 0.2 ± 0.0A 0.2 ± 0.0A 0.1 ± 0.0B <0.0001 −0.703
Ferulic acid 0.4 ± 0.0A 0.7 ± 0.1B 0.5 ± 0.1A <0.0001 –
Cinnamic acid 10.7 ± 1.4 10.7 ± 0.3 10.8 ± 1.0 0.9677 –
Flavonoids
Luteolin 9.9 ± 0.4A 6.7 ± 0.3B 7.0 ± 0.4B <0.0001 −0.819
Apigenin 7.8 ± 0.2A 7.0 ± 0.2B 7.3 ± 0.3C <0.0001 −0.579
Secoiridoids aglycons
Oleuropein derivatives 67.9 ± 2.5A 49.1 ± 1.4B 50.1 ± 1.6B <0.0001 −0.842
Ligstroside derivatives 62.4 ± 1.5A 52.8 ± 1.0B 54.6 ± 1.7C <0.0001 −0.762
Σdihydroxybenzoic derivatives 0.8 ± 0.1A 0.9 ± 0.1B 0.8 ± 0.1A <0.0001 –
Σflavonoids 17.7 ± 0.5A 13.6 ± 0.5B 14.3 ± 0.4C <0.0001 −0.779
Σphenolic acids 11.3 ± 1.4 11.6 ± 0.28 11.36 ± 1.0 0.7085 –
Σphenolic alcohols 4.44 ± 0.6 4.53 ± 0.25 4.33 ± 0.5 0.5735 −0.536
Σsecoiridoids aglycons 130.3 ± 3.2 A 102.0 ± 2.0B 105.0 ± 2.3B <0.0001 −0.818
Σidentified phenols3 164.5 ± 3.5A 132.7 ± 2.2B 135.5 ± 3.3B <0.0001 −0.823
Σphenols 13<RT<27 min4 282.0 ± 11.1A 270.6 ± 6.6B 285.6 ± 5.0A 0.0001 –
Σother phenols5 123.3 ± 10.6A 144.3 ± 5.3B 155.8 ± 3.6C <0.0001 +0.986
1 P-values for the one-way ANOVA. Content means (for each MT, i.e., for each independent industrial oil extraction: n = 24; 6 olive oil samples × 2 extrac-
tions × 2 injections) in the same line with different uppercase letter are significantly different, from a statistical point of view, according the post-hoc multiple
comparison Tukey test at 5% significance level.
2 R-Pearson coefficients: linear regression between concentration data and the malaxation temperature.
3 Σidentified phenols: sum of the contents (mg of tyrosol equivalent/kg oil) of each identified phenol (hydroxytyrosol, tyrosol, vanillic acid, p-coumaric acid, ferulic
acid, oleuropein derivatives, cinnamic acid, luteolin, apigenin and ligstroside derivatives), which were calculated based on the peak area of each individual phenol
identified according to the IOC method.
4 Σphenols 13<RT<27 min: content (mg of tyrosol equivalent/kg oil) of all phenols (identified and unknown) calculated using the sum of the areas of all peaks with
retention times (RT) between 13 and 27 min.
5 Σother phenols: content of the unknown (not identified) phenols that eluted with a RT between 13 and 27 min, calculated using the area data resulting from
subtracting the peak areas of the identified phenols with RT between 13 and 27 min (cinnamic acid, oleuropein derivate, luteolin, apigenin and ligstroside deri-
vatives) to the total area of all peaks within the same RT range.
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phenolic profiles was assessed using one-way ANOVA followed, when
appropriate, by the Tukey’s post-hoc multi-comparison test. Also, when
a significant effect was found, the Pearson correlation coefficient (R-
Pearson) was determined to infer about the existence of a linear cor-
relation between the oils’ phenolic contents and the MT. All statistical
analyzes were performed using the Sub-select (Cadima, Cerdeira, &
Minhoto, 2004) and MASS (Venables & Ripley, 2002) packages of the
open-source statistical program R (version 2.15.1), at a 5% significance
level.
3. Results and discussion
Malaxation consists of a continuous slow movement of the olive
paste that provides an increase in “free oil” availability and helps oil
droplets to merge into large drops. The efficiency of the malaxation
depends on different conditions such as cultivar, fruit maturation, fruit
quality, milling grade, amount of added water, time and temperature.
Temperature is probably the factor that mostly influences the phenolic
composition of the extracted oils (Di Giovacchino, Sestili & Di
Vincenzo, 2002). In this sense, the effect of the MT (22, 28 and 34 °C)
on the phenolic profile of cv. Cobrançosa olive oils and on the fulfilment
of the phenolic-related health claim, was evaluated.
3.1. Effect of the malaxation temperature on the oils’ individual phenolic
profiles assessed using the IOC method (HPLC-DAD)
As shown in Table 1, the IOC chromatographic method (HPLC-DAD)
allowed establishing the phenolic profiles of the cv. Cobrançosa olive
oils extracted, which were found to be similar to those previously re-
ported for other Portuguese olive oils (Rodrigues et al., 2019; Peres,
Martins, Mourato, Vitorino, & Ferreira-Dias, 2016). In this study, phe-
nolic compounds of 5 different groups were detected and quantified.
Table 1 shows the mean contents (± standard deviations in mg/kg oil,
expressed in tyrosol equivalents) for phenolic alcohols (hydroxytyrosol
and tyrosol), flavonoids (flavones: luteolin and apigenin), secoiridoids
aglycons (oleuropein and ligstroside derivatives), phenolic acids (p-
coumaric acid, ferulic acid and cinnamic acid) and dihydroxybenzoic
derivatives (vanillic acid). The most abundant ones, for all MT, were the
secoiridoids aglycons (oleuropein: 49–68 mg/kg; ligstroside:
53–62 mg/kg), followed by cinnamic acid (~11 mg/kg) and flavonoids
(luteolin: 6.7–9.9 mg/kg; apigenin: 7.0–7.8 mg/kg). Oppositely, hy-
droxytyrosol, tyrosol, vanillic acid, p-coumaric acid and ferulic acid
were the less abundant phenolic compounds (0.1–2.8 mg/kg). The low
amounts of the phenolic alcohols are in agreement with the studies of
Peres et al. (2016) and Rodrigues et al. (2019) for Portuguese olive oils
and could be tentatively attributed to the freshness of the olive oils
(5 months after extraction) since hydroxytyrosol and tyrosol contents
increase along the storage time due to the hydrolysis of secoiridoids
(Brenes, García, García, & Garrido, 2001), as well as to the different
olive cultivars studied.
In general, the MT had a significant effect (Table 1) on the con-
centrations of most of the detected phenolics (P-value < 0.05).
However, it should be remarked that, from a practical point of view, for
many phenolic compounds small content changes were observed and
sometimes with slight different behaviors for the two most elevated
temperatures. Mean contents usually decrease with the MT increase,
pointing out the advantage of using lower MT on cv. Cobrançosa oils
extraction. This effect was more pronounced for secoiridoids aglycons,
being observed a reduction of approximately 26% and 12% of the total
amounts of oleuropein (R-Pearson = −0.844) and ligstroside (R-
Pearson = −0.757) derivatives, respectively, when the temperature
raised from 22 to 28–34 °C. This decrease could be attributed to the
activation of endogenous oxidoreductase enzymes (Servili et al., 1998).
Similar results were reported by Servili et al. (1998) and by Angerosa
et al. (2001) for cvs. Coratina and Frantoio olive oils (MT from 25 to
35 °C). Regarding flavonoids, an analogous decreasing trend was found
when the MT increased from 22 to 28–34 °C, being the concentration
decrease more marked for luteolin (reduction of ~29%, R-
Pearson = −0.819) compared to apigenin (reduction of ~6%, R-
Pearson = −0.579). A similar decreasing trend with the temperature
rise was reported by Lukić et al. (2017) for cv. Oblica oils extracted at
22 and 30 °C (luteolin: 4.10–3.63 mg/kg; apigenin: 0.35–0.29 mg/kg,
respectively), even if the concentration ranges are cultivar dependent.
This same trend was observed for the luteolin content of cv. Ayvalik oils
when the MT raised from 27 to 37–47 °C (Jolayemi, Tokatli and Ozen,
2016). Contrary, other researchers reported that the flavonoids con-
tents of olive oils were hardly affected by temperature (Gómez-Rico
et al., 2009; Boselli et al., 2009; Torres et al., 2018). Concerning the
phenolic alcohols, while the 12% of variation observed for the free
hydroxytyrosol content was not statistically significant (P-
value = 0.3725), the mean contents of tyrosol were significantly in-
fluenced by the MT (P-value = 0.0370), although no obvious trend
could be found. Contrary, in some works, when the MT raised
(20–60 °C) the concentrations of some simple phenols (e.g., tyrosol and
hydroxytyrosol) increased linearly, which was attributed to the hy-
drolysis of phenols with higher molecular weight (Parenti, Spugnoli,
Masella, & Calamai, 2008; Torres et al., 2018), being this trend more
visible at higher temperatures, outside the range of the present study.
Table 1 also shows that, in which concerns the phenolic acids, the mean
contents of p-coumaric acid and ferulic acid were significantly affected
by the MT increase (P-value < 0.05), although due to the low amounts
found no practical inference could be established. On the other hand,
the MT did not significantly influence the mean content of cinnamic
acid (~10.7 mg/kg; P-value = 0.9677), with variations lower than 1%.
Oppositely, Torres et al. (2018) found that the increase of the MT had a
negative impact on the content of phenolic acids of olive oils, although
higher temperatures were tested (20–60 °C). However, other studies
reported a positive correlation between the MT and the concentration
of phenols, which was justified by an enhanced release of olive phenols
into the oil phase during the oil extraction at higher temperatures,
providing that they were kept below 35 °C (Boselli et al., 2009; Ranalli
et al., 2001). Lastly, it should be remarked that the MT (Table 1) also
had a significant effect (P-value < 0.05) on the total mean content of
the identified phenols and of the not identified phenols, although an
opposite effect was observed. The total amount of the identified phenols
decreased 19% (from 164.5 to 132.7–135.5 mg/kg for 22 and 28–34 °C,
respectively; R-Pearson = −0.823) with the increase of the MT and the
total amount of the non-identified phenols increased 26% (from 123.3
to 155.8 mg/kg for 22 and 34 °C, respectively; R-Pearson = +0.986).
The literature data pointed out that the total phenols contents of oils
strongly increase with the raise of the MT (20–45 °C) (Boselli et al.,
2009; Guerrini et al., 2019; Lukić et al., 2017; Veneziani et al., 2017).
As hypothesized by Taticchi et al. (2013), the increase of phenols
concentration could be partly due to the lower temperature stability of
the polyphenoloxidase (PPO) enzyme and its partial deactivation at
higher temperatures, although this finding was shown to be a strongly
cultivar-dependent feature. In addition to the decreasing of the PPO
activity, higher MT could also enhance the release of phenols from the
cell wall polysaccharides and from other olive tissues (Taticchi et al.,
2013), promoting the increase of the partition coefficient of phenols
between the oil and water phases in the olive paste (Gómez-Rico et al.,
2009) leading to an increase of the phenol concentrations in the olive
oils. Nevertheless, some studies showed that the total content of phe-
nols increased with the MT up to 30 °C; decreasing at higher tem-
peratures (Parenti et al., 2008) or ceasing to increase (Ranalli et al.,
2001). It should be noticed that the total phenol contents of the cv.
Cobrançosa oils were much lower than those reported by Veneziani
et al. (2017) for cvs. Coratina, Ottobratica and Peranzana oils
(970.8–1327.8; 436.2–547.5 and 376.4–456.5 mg/kg, respectively),
extracted at 25 and 30 °C; or, by Lukić et al. (2017) for cv. Oblica oils
extracted at 22 and 30 °C (594 and 804 mg/kg, respectively), which
could be partially attributed to the olive cultivar effect plus the applied
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specific malaxation conditions. Besides the above-mentioned discus-
sion, one important issue that should be taken into account is the ex-
traction equipment used, being reported different oils’ compositions
depending if the extraction was made on a laboratory, pilot or in-
dustrial olive mill. Indeed, data from extractions performed at labora-
tory scale are not always useful to predict the composition of oils ob-
tained with an industrial olive mill (Di Giovacchino et al., 2002). Since
the phenolic profiles of olive oils and their individual contents depend
on the extraction conditions (e.g., temperature–time of malaxation), as
well as on the olive cultivar, fruit ripening stage, agro-climatic condi-
tions, crop year and geographical origin, in the present study, all oils
were extracted from olives of the same cultivar, grown under the same
agronomic practices and climatic conditions, being collected with the
same maturation index, extracted in the same industrial plant, ensuring
that only the MT varied.
3.2. Effect of the malaxation temperature on the total content of
hydroxytyrosol and tyrosol derivatives and health claim evaluation
The IOC chromatographic method is time-consuming, being difficult
to ascertain the true amount of compounds individually due to the
complexity of compounds derived from tyrosol and hydroxytyrosol and
the inexistence of commercial standards. So, simpler analytical tech-
niques have been proposed to evaluate the secoiridoidic fraction of the
oils (Mastralexi et al., 2014). This latter strategy is based on the hy-
drolysis of the phenolic bound forms and, although not providing a
deep information regarding the specific oils’ phenolic profile, allows a
fast estimation of the hydroxytyrosol and tyrosol derivatives contents. It
has been widely applied (Bartella, Mazzotti, Napoli, Sindona, & Di
Donna, 2018; Bellumori et al., 2019; Mastralexi et al., 2014; Olmo-
García et al., 2019; Purcaro et al., 2014; Reboredo-Rodríguez et al.,
2016; Romero & Brenes, 2012) and allowed assessing the oils’ health
claim fulfillment (European Commission Regulation EU No 432/2012,
2012), providing that conversion factors are applied to estimate the
amounts of the original molecules before hydrolysis.
Therefore, the contents of hydroxytyrosol and tyrosol derivatives of
cv. Cobrançosa oils, extracted at the 22, 28 and 34 °C, were quantified
by HPLC-DAD after the acid hydrolysis of the polar fraction. Acid hy-
drolysis promoted the release of hydroxytyrosol and tyrosol from their
conjugated forms, providing a realistic evaluation of the potential se-
coiridoid pool of the oils (Bellumori et al., 2019) and establishing the
nutritional quality of the oils (Bartella et al., 2018). Table 2 presents the
contents of hydroxytyrosol and tyrosol (mg/20 g oil) determined
without and with the use of the mass differences correction factors to
estimate the amounts of the related derivatives (Mastralexi et al.,
2014).
In which concerns the uncorrected concentrations (no use of the
mass differences correction factors), cv. Cobrançosa oils extracted at
lower MT (22 or 28 °C) contained greater amounts of hydroxytyrosol
and tyrosol derivatives, as well as of the respective sum (P-value <
0.05), than oils extracted at 34 °C (more 4–5%). A linear decrease with
the temperature increase (−0.967 ≤ R-Pearson ≤ −0.930) was ob-
served, being more sharped for tyrosol derivatives, strengthening the
hypothesis that oils’ phenolic composition is enhanced by lower MT.
Then again, the tyrosol derivatives contents (2.32–2.43 mg/20 g oil)
were higher than the hydroxytyrosol derivatives (1.51–1.57 mg/20 g
oil), which is in agreement with the literature data for commercial
Argentinian (Castelli, Bianco, & Mizutamari, 2018) and Portuguese oils
(Pereira, Freitas, Cabrita, & Garcia, 2020). The ratio of free to bound
tyrosol and hydroxytyrosol derivatives was further evaluated since it
can be an effective measure of the impact of the MT on the phenolic
forms that contribute to the health claim. For the cv. Cobrançosa oils
industrially extracted the ratio of free (hydroxytyrosol contents cor-
rected according to Bellumori et al. (2019) plus tyrosol contents), to
bound (amounts after acid hydrolysis) forms was approximately con-
stant (free/bound ratio ranging from 0.0188 ± 0.002 and
0.0197 ± 0.001 for 22–34 °C). This finding revealed, that for the
studied cv. Cobrançosa oils under the extraction conditions evaluated,
both free and bound forms were similarly affected by the MT (ranging
from 22 to 34 °C), pointing out that the temperature range tested had a
minor effect on bound-forms hydrolysis.
Based on the total amounts of hydroxytyrosol and tyrosol deriva-
tives, calculated without the correction factors (3.83–3.99 mg/20 g),
none of the oils would fulfil the health claim (European Commission
Regulation EU No 432/2012, 2012). These values are lower than those
reported by Pereira et al. (2020) for cv. Cobrançosa oils extracted in a
pilot plant at 25 °C (7.94 ± 3.77 mg/20 mg). However, as proposed in
the literature (Castelli et al., 2018; Mastralexi et al., 2014; Tsimidou
et al., 2019), if the correction factors were used, all cv. Cobrançosa oils
met the health claim, with total amounts of both phenolic alcohols
derivatives greater than 5 mg/20 g oil (9.52, 9.43 and 9.13 mg/20 g oil
for 22, 28 and 34 °C, respectively). In general, our results are in
agreement with the literature that reported a wide range of contents
(tyrosol derivatives: 0.2–11 mg/20 g oil, hydroxytyrosol derivatives:
Table 2
Amounts of hydroxytyrosol, tyrosol and sum of both compounds (mean ± standard deviation, mg/20 g of oil) found in cv. Cobrançosa olive oils industrially
extracted at different malaxation temperatures (22, 28 and 34 °C), after the secoiridoids’ acid hydrolysis and determined by HPLC-DAD (280 nm).
Malaxation Temperature
Content (mg/20 g of oil) P-value1 R-Pearson2
Mass correction Phenolic compounds after acid hydrolysis 22 °C 28 °C 34 °C
No3 Hydroxytyrosol 1.57 ± 0.03A 1.56 ± 0.04A 1.51 ± 0.04B 0.0004 −0.930
Yes4 Hydroxytyrosol 3.45 ± 0.07A 3.43 ± 0.08A 3.32 ± 0.08B
No3 Tyrosol 2.43 ± 0.05A 2.40 ± 0.04A 2.32 ± 0.04B < 0.0001 −0.967
Yes4 Tyrosol 6.07 ± 0.13A 6.00 ± 0.10A 5.81 ± 0.09B
No3 Hydroxytyrosol + Tyrosol 3.99 ± 0.08A 3.96 ± 0.07A 3.83 ± 0.07B < 0.0001 −0.955
Yes4 Hydroxytyrosol + Tyrosol 9.52 ± 0.20A 9.43 ± 0.17A 9.13 ± 0.16B
1 P-values for the one-way ANOVA. Content means (n = 24; for each independent industrial oil extraction corresponding to each MT: 6 olive oil samples × 2
extractions × 2 injections) in the same line with different uppercase letter are significantly different, from a statistical point of view, according the post-hoc multiple
comparison Tukey test at 5% significance level.
2 R-Pearson coefficients: linear regression between concentration data and the malaxation temperature.
3 Health claim regarding the protection of blood lipids from oxidative stress (European Commission Regulation EU No 432/2012, 2012): contents given as mg/
20 g of olive oil, based on the HPLC-UV quantification without any correction factor due to the mass differences between phenolic derivatives and simple compounds.
4 Health claim regarding the protection of blood lipids from oxidative stress (European Commission Regulation EU No 432/2012, 2012): contents given as mg/
20 g of olive oil, based on the HPLC-UV quantification using the correction factors (Mastralexi et al., 2014; Tsimidou et al., 2019) due to the mass differences between
phenolic derivatives and simple compounds (hydroxytyrosol: 2.2; and, tyrosol: 2.5).
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0–9 mg/20 g oil, derivatives sum: 0–20 mg/20 g oil), which could be
related with the olive cultivar, extraction conditions, geographical
origin and storage time and conditions (Bartella et al., 2018; Bellumori
et al., 2019; Castelli et al., 2018; Mastralexi et al., 2014; Olmo-García
et al., 2019; Pereira et al., 2020; Purcaro et al., 2014; Reboredo-
Rodríguez et al., 2016; Tsimidou et al., 2019). Also, if the secoiridoids
contents determined according to the IOC method and reported on a
tyrosol basis (Table 1) were re-calculated using the correction factors
(Mastralexi et al., 2014), a similar finding would be achieved, con-
firming that all cv. Cobrançosa oils industrially extracted fulfilled the
health claim (6.32 ± 0.16, 5.02 ± 0.10 and 5.14 ± 0.12 mg/20 g of
oil for 22, 28 and 34 °C, respectively). Nevertheless, the health claim
related values were lower (minus 34–47%) than those determined
based on the acid hydrolysis method, indicative that most likely no
universal conversion factor can give a true estimation on the health
potential.
Finally, the results, in line with the literature, clearly show that the
quantification of hydroxytyrosol and tyrosol derivatives by HPLC-DAD
after acid hydrolysis of the oils’ polar analytical extracts could be a
suitable simple analytical strategy to be implemented by olive oil pro-
ducers to evaluate their amounts in oils extracted at industrial scale
allowing assessing the fulfillment of the desired health claim. In fact,
when a detailed and comprehensive phenolic profiling is not required,
the simpler acid hydrolysis method can be a suitable alternative.
Additionally, it shows that under all the conditions assayed the health
claim could be labelled contributing to enhance the olive oils’ com-
mercial competitiveness.
4. Conclusions
The phenolic profiles of cv. Cobrançosa olive oils, industrially ex-
tracted at 22, 28 and 34 °C, established according to the IOC method
showed that all oils contained dihydroxybenzoic derivatives, flavo-
noids, phenolic acids, phenolic alcohols, and secoiridoids aglycons,
being the latter the most abundant. In general, for the main phenolic
compounds, a significant decrease in their abundance was found with
the increase of the MT. A similar decreasing significant trend was ob-
served for the total phenol contents. Also, it was found that, despite the
minor differences observed, the phenolic profile of cv. Cobrançosa oils
extracted at 22 °C was distinct from that obtained at 28 and 34 °C. In
contrast, the acid hydrolysis-chromatographic approach proved to be a
fast and satisfactory analytical method for quantifying the amounts of
hydroxytyrosol and tyrosol derivatives allowing a straightforward
procedure for evaluating the oils’ health claim fulfillment. However, if a
detailed understanding of the phenolic profile is needed, namely re-
garding flavonoids, lignans and phenolic acids, the methodology re-
commended by the IOC or other similar method must be adopted. The
results of the acid hydrolysis method together with the use of the mass
difference correction factors allowed concluding that all cv. Cobrançosa
oils met the health claim ensuring that their daily intake would con-
tribute to the protection of blood lipids from oxidative stress.
Furthermore, it was found that oils extracted at 22 or 28 °C presented
the higher contents of total hydroxytyrosol and tyrosol derivatives. So,
in conclusion, the present study suggested that oils extracted at lower
temperatures (22 °C) are, in general, richer in phenolic compounds and
so may promote the health benefits related to their consumption, re-
quiring the lowest daily intake (approximately 10 g per day) to fulfill
the health claim.
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